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FIG. 1. Mutagenesis pipeline with time estimates. (A) Illustration of a Cas9-gRNA
complex bound to target DNA.12 (B) Example of CRISPR target site design for six1a
(NCBI Gene ID 494168), with the target sequence downstream of potential alter-
native start sites and upstream of the homeodomain. (C) Polymerase chain reaction
products from a subset of injected embryos (green lines) are subjected to a high-
resolution melt curve and normalized to uninjected curves (red lines), revealing the
melting difference caused by injection. (D) High-resolution melt analysis (HRMA)
difference curves identifying three potentially different lesions in six1a were (E)
sequenced from heterozygous F1 generation embryos. HRMA curves identified in
this initial analysis are confirmed by (F) genotyping adult F1 generation fish fin
DNA. (G) Homozygous mutant F2 generation sequence reads confirm the lesions
inferred from heterozygous F1 generation sequences. Once confirmed, lesions are
given allele designations. The mutation in six1a lesion A is six1aoz8, a 2 bp deletion
that frameshifts Six1a after amino acid 93 of 284 and introduces 37 aberrant aa
before terminating. Sequence analysis for lesion B (six1aoz9), which frameshifts
Six1a after amino acid 94 and introduces only 12 aberrant aa, is described in the
Supplementary Data. Lesion C is another 2 bp deletion (not shown). Color images
available online at www.liebertpub.com/zeb
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Over the past few years, the cost of directed mutagenesis in zebrafish has
plummeted, opening the doors for many researchers to mutate their genes of

interest.1 Most recently, CRISPR-Cas-based mutagenesis has taken center stage,
with significant advances in zebrafish mutagenesis occurring almost every month. In
this system, a short guide RNA (gRNA) directs Cas9 nuclease to cleave specific
genomic target sites (Fig. 1A).2 Because it is simple to construct the targeting
portion of this system,2 it is possible to target many genes with CRISPR on a limited
budget and timescale.1 However, researchers often need to do significant trouble-
shooting and protocol building before generating mutants with CRISPR, which can slow
progress. In this study, we present a detailed start-to-finish guide to CRISPR mutagenesis
in zebrafish (Supplementary Data, http://molgen.osu.edu/amacher/resources; Supple-
mentary Data are available online at www.liebertpub.com/zeb), intended to provide a
simple method for generating strong loss of function alleles. We have used this pipeline to
create mutations in 13 genes to date and provide an example of the pipeline using six1a
CRISPR.

We provide guidelines to identify CRISPR targets sites most likely to cause loss of
protein function, two protocols to generate gRNA,2,3 and a pipeline to identify and
confirm mutations (Fig. 1B–G). CRISPR target sites are selected at locations that
cannot be bypassed by alternative start codon usage or alternative first exon usage and
are 5¢ to regions predicted to be important for protein function. After injection of
gRNA and nuclear localized zebrafish codon-optimized cas9 (nls-zCas9-nls) mRNA,4

mutagenesis is quantitatively assayed using high-resolution melt analysis (HRMA) on
polymerase chain reaction (PCR) products spanning the CRISPR target. Successful
mutagenesis in the injected generation (F0) results in a mixture of WT and mutant
PCR products that melt at lower temperatures than uninjected WT controls (Fig. 1C).5

HRMA can also speed up founder recovery in the first outcrossed generation (F1) (Fig.
1D) because each heterozygous lesion produces a characteristic melt curve.5 We
recognize that HRMA machines typically cost $10–25K, but costs can be mitigated by
sharing one machine between several laboratories or by pairing an existing quanti-
tative PCR machine with online HRMA software6; alternative approaches have also
been developed to identify lesions.7–10 The insertions and deletions of genomic DNA
(indels) caused by CRISPR mutagenesis result in overlapping sequence reads in
heterozygotes, and the mutant read can easily be extracted from heterozygous se-
quencing by subtracting WT sequence (Fig. 1E). The HRMA-identified potential
mutants (putants) found in F1 generation embryos are confirmed on F1 adults (Fig.
1F), and sequencing from F2 generation homozygotes confirms the F1 heterozygous
sequencing (Fig. 1G). This pipeline can be completed using 5 weeks labor, spread over
5–7 months (Fig. 1), and during this time, a single researcher can construct many
CRISPR mutants in parallel.

The CRISPR-Cas technology has provided an abundance of options for genome
modification.11 In this protocol, we do not explore every possible CRISPR applica-
tion, but focus on a single purpose: to frameshift target genes at locations where small
( < 60 bp) indels are likely to cause loss of protein function. Although our protocol is
written with simple indel construction in mind, we expect that it will provide
zebrafish researchers with a good starting point to explore the vast array of CRISPR-
Cas applications.
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